Abstract -From 1993 onwards, various policy measures aiming at reducing nitrogen (N) losses were introduced in Swiss agriculture. We studied the impact of these measures on nitrate leaching under arable land in the Fehraltorf catchment near Zurich. Because of the well-drained soils, the shallow water table and the intensive agricultural activity, the groundwater in this catchment is highly vulnerable to nitrate pollution. N fluxes and transformations on the field scale were simulated using the deterministic model LEACHMN. Following the calibration of the model with a dataset from a long-term lysimeter experiment, simulations were run for the period 1998-2003. As far as possible, field-specific management data from farmers' control sheets were used as input. Average nitrate leaching in the period 1998-2003 was estimated to amount to 39 kg N ha −1 year −1 . The conditions before the introduction of the policy measures were simulated in three scenarios with a higher use of both mineral N fertiliser and animal manure and 50% less or no catch crops. We found that lowering mineral N fertiliser and manure application by about 25% led to an average decrease in nitrate leaching of 10 kg N ha −1 year −1 . Doubling the catch crop area yielded a further decrease of 6 kg N ha −1 year −1 on average. Altogether, the implementation of reduced N fertiliser inputs and increased use of catch crops proved to be effective and led to a mean reduction in N leaching of 29% (16 kg ha −1 year −1 ) for the arable land in the Fehraltorf catchment.
INTRODUCTION
In Switzerland, groundwater still exceeds official limits for nitrate in drinking water in many wells (BUWAL and BWG, 2004) . Nitrate leaching from agricultural land also contributes substantially to excessive N loads into the river Rhine, leading to eutrophication in the North Sea (Prasuhn and Sieber, 2005) . In the early 1990s, increased awareness of environmental damage caused by agriculture and growing costs for the regulation of agricultural markets led to the introduction of agri-environmental programmes in a number of countries in Europe, including Switzerland (e.g. Herzog, 2005) . From 1993 onwards, following an animated public debate, the Swiss agricultural policy was reframed. At first, incentives were given to farmers to convert their farming practices towards integrated production methods. In 1996, a public vote on the article about agriculture in the Swiss constitution confirmed this policy and led to the implementation of a cross-compliance system enacted in the Swiss constitution. It implies that farmers, in order to qualify for direct payments, have to meet the requirements of the "Proof of ecological performance" programme (Conseil Fédéral, 1998) . A similar process is presently under way in the countries of the European Union, with the introduction of a new system of support, the "Single Farming Payment", which is no longer linked to production but to compliance with environmental regulations and standards.
The ecological requirements of the "Proof of ecological performance" (Conseil Fédéral, 1998) stipulate that the farms' * Corresponding author: ernst.spiess@art.admin.ch nitrogen (N) and phosphorus (P) budgets need to be equilibrated, i.e. N and P input may not exceed crop demand by more than 10%. Moreover, bare soil in winter is to be minimised. These two requirements aim at a reduction of nutrient and soil losses in order to prevent water pollution. Other measures with respect to pesticides, habitats and animal husbandry target water quality as well, but also biodiversity and animal welfare. In 2005, 97% of the utilised agricultural area of Switzerland, including organic farming, was farmed under the regulations of the "Proof of ecological performance" (OFAG, 2006) . In general, the use of N fertilisers (mineral N fertilisers and livestock manure) has decreased to meet the requirements of the "Proof of ecological performance". The Swiss average consumption of mineral N fertilisers per hectare of agricultural land, which had doubled between 1975 and 1988, decreased by c. 25% during the 1990s (Spiess, 2005) .
Models have become increasingly employed in the evaluation of policy measures for the reduction of N losses to ground-and surface waters caused by agricultural activities (Wendland et al., 1998; Granlund et al., 2000; Børgesen et al., 2001; Müller-Wohlfeil et al., 2002; Chaplot et al., 2004; Fassio et al., 2005; Wolf et al., 2005 and others) . By only varying the measures that are of interest in the context of policy evaluation whilst keeping all other factors that affect the water and N balance in agro-ecosystems constant (namely, variations in temperature and precipitation), models can provide indications about the effectiveness of individual measures. Two types of models are usually considered for such policy evaluations: empirical and deterministic models. Empirical models are best suited for broad, large-scale investigations of general patterns of N fluxes in agro-ecosystems. By contrast, deterministic models are, in theory, of more general applicability, as they include a mechanistic description of the processes. These models are quite complex and are associated with large data requirements. They can be used for more detailed, small-scale investigations, where subtle differences between management regimes are the focus of interest. For an overview of state-ofthe-art N emission models, including N leaching models, see Wolf et al. (2005) . The decision of whether to use empirical or deterministic models depends on the availability of expertise (to parameterise an empirical model), of data (to drive a deterministic model) and of the precise questions asked.
The objective of this study was to assess whether the reduction in N fertiliser input and the increase in catch crop use, which are both part of the requirements of the "Proof of ecological performance", did actually lead to a reduction of N leaching from arable land. Whereas the status of groundwater quality is monitored on the national scale (BUWAL and BWG, 2004) , the results of these monitoring programmes do not inform about the effectiveness of individual policy measures, as water quality is affected by a wide range of factors inside and outside the agricultural sector. These complex relationships can only be explored with the aid of model scenarios. Because we aimed at investigating rather subtle differences in management (nitrogen fertilisation levels and catch cropping), we had to use a deterministic rather than an empirical model and, as a consequence, we had to limit the study to a small catchment, for which it was actually feasible to gather the necessary input data.
The study was embedded in a comprehensive programme evaluating the effectiveness of the Swiss "Proof of ecological performance" (Herzog and Richner, 2005) .
MATERIALS AND METHODS

Description of the catchment and agricultural management practices
We conducted our study in the catchment of 'Fehraltorf' (Fig. 1) , which is located 30 km east of Zurich in the Plateau region of Switzerland. The catchment covers approximately 540 ha. The landscape was formed by glaciers during the last The climate of the region is humid temperate, with an average yearly precipitation of 1400 mm for the study period (1998) (1999) (2000) (2001) (2002) (2003) and an average yearly air temperature of 9.9
• C. Daily precipitation data were measured from a meteorological station situated near the catchment. Other standard daily meteorological variables used as inputs to the model (air temperature, humidity, global radiation and wind speed) were collected at Agroscope Reckenholz-Tänikon Research Station ART, Zurich. The observation period includes a wet year, i.e. 1998/99 with an annual precipitation of 1625 mm year −1 , and a rather dry year, i.e. 2002/03 with 1155 mm year −1 .
Information on soils was derived from the 1:5000 soil survey map and database of Canton Zurich (VDZH, 1998) . Seven different soil types were identified for arable land in the catchment (Tab. I). The brown soils (Cambisols) and para-brown soils (Luvisols), characterised by a loamy texture and a moderate percentage of coarse fragments, are the dominating soil types (80% of the arable land). Further information provided by farmers indicated that <4% of the arable area were artificially drained.
The LEACHMN model
The study was conducted with LEACHMN, which is a quantitative deterministic model that simulates the N fluxes and transformations on the field-plot scale, assuming onedimensional, vertical transfer of water and solutes through the soil (Hutson and Wagenet, 1991; Hutson, 2003) . LEACHMN was chosen because it has been evaluated in several model simulation studies (Jemison et al., 1994; Jabro et al., 1995; Ng et al., 2000; Sogbedji et al., 2001a,b) , and was found to provide reasonably accurate predictions of N leaching losses. Its parent model is SOILN (Johnsson et al., 1987) , a model whose performances under temperate conditions are well documented. The rationale for choosing LEACHMN over SOILN is the way in which water and solute transport is calculated: the Jan. 2003 revised version of LEACHMN includes a form of the capacity ('tipping-bucket') approach, which is assumed to be less affected by the interaction between non-linearity of the model and spatial variability of soil parameters, in comparison with the Richards' equation approach used in SOILN (Addiscott and Mirza, 1998) . LEACHMN takes into account the main sources (mineral and organic fertilisation, incorporation of crop residues, and atmospheric deposition), sinks (removal of harvest products, leaching, surface runoff, sorption to the soil matrix, volatilisation and denitrification) and transformations (mineralisation, nitrification and immobilisation) of the N cycle in the root zone of field crops. In the base version of LEACHMN, the simulation of N mineralisation considers two different types of organic pools: the fast-cycling organic N pools, associated with crop residues and faeces from manure, and the 'stable' organic N pool, associated with the soil humus. We slightly altered the model structure in order to facilitate the parameterisation of manure turnover using data on plant-available N. In the modified version, organic N associated with soil humus was divided into active and inactive pools. The inactive humus N pool received the fraction of manure organic N regarded as slow cycling, i.e. unavailable to crops in the short to medium term (2-3 years).
Plant uptake of N is estimated using a supply and demand approach. The potential N uptake is computed on a daily basis from the 'target' total plant N uptake, which is specified as input to the model. If the amount of nitrate and ammonium N in the root zone is insufficient for the potential N uptake, the simulated N uptake will be reduced proportionally and the target N uptake will not be attained at harvest time. An adaptation of the model was required for dealing with autumn-sown annual crops, because the original version of LEACHMN can only handle spring-sown annual crops. Basically, in the approach we used, a winter-sown crop was figured as equivalent to a succession of two virtual crops, the first growing from the time of seeding until early December (pre-dormancy) and the second growing from early March until harvesting (post-dormancy).
Preferential flow through cracks and macropores, artificial drainage, effects of snow cover and soil freezing/thawing, and (in the 'tipping-bucket' approach used in this study) upward flow of groundwater towards the soil surface ('capillary rise') are not taken into account by the model. Because it does not describe the process of symbiotic N fixation, LEACHMN is not well suited for investigation of N cycling in grassland systems where symbiotic N fixation is an important component of the overall N balance.
Application of the model
LEACHMN was applied on the basis of daily time steps for five hydrological years (Oct. 1998 -Sept. 2003 . Model calculations were made for each of the 158 arable fields in the catchment, using field-specific soil, crop and management data of all the years as input. In order to reduce the importance of uncertain initial conditions, the model was run for a standard crop sequence and N fertilisation regime for each field during an eight-year warm-up period (Oct. 1990 -Sept. 1998 . Final values from the warm-up period were then used as initial values for the simulation period. Results at field level were areaweighted in order to provide aggregated mean values at the catchment level.
Selection of model parameters
The input parameter values required by the model were obtained from a combination of existing observations, available literature, expert judgment and calibration results.
As the parent model SOILN was shown to be particularly sensitive to N transformation parameters such as the potential nitrification rate and the C:N ratio of humus (Wu et al., 1998) , we calibrated LEACHMN using a dataset from a long-term lysimeter experiment (Nievergelt, 2002) . Except for the exclusive use of mineral fertilisers, the agro-pedoclimatic conditions in the lysimeter experiment reflected those of the Fehraltorf catchment. An inverse modelling method ) was used to achieve the closest match between simulated and observed values of N discharge over the period 1993-99, while ensuring that the estimated parameter values were in reasonable accord with literature sources: for a review of LEACHMN parameter values in the literature see Schmied et al. (2000) . The results indicated that LEACHMN could satisfactorily predict the long-term average N discharge from the lysimeters, even though large discrepancies (up to 100%) arose between simulations and observations in some years. Further detail is provided by Decrem et al. (2004) . The calibrated parameter values are listed in Table II. Potential evapotranspiration was calculated from the recorded climate data according to the Penman equation (Penman, 1948) . A crop cover fraction was used to split potential evapotranspiration into potential evaporation and transpiration. An upper value for the crop cover fraction (0.73) was estimated by calibration.
Pedotransfer functions (Wösten et al., 1999) were used to derive soil hydrological parameters using textural information. A mean textural composition was estimated for each soil type using the soil data from VDZH (1998) collected at the level of Canton Zurich (Tab. I). To take into account the effect of the coarse material (particle diameter >2 mm) on the hydrological parameters, the volumetric water contents at wilting point, at field capacity, and at saturation were corrected, reducing them in proportion to the fraction of stone (Rawls et al., 1992) . Across the different soil types, the available water content of a one-metre soil profile, calculated as the difference between volumetric water content at field capacity and wilting point, was generally close to 200 mm (Tab. I).
Farm management data
Since 1998, the farmers adhering to the scheme of the "Proof of ecological performance" have supplied management control sheets with field-specific information about cultivation practices, crops grown including yield levels, sowing and harvesting dates, and time and amount of fertiliser applied, including manure. Temporary grass-clover leys and silage maize were the predominant crops grown in the catchment, each covering c. 25% of the arable land area (Tab. III). A typical crop sequence was: silage maize, winter wheat, winter rape or winter barley, and 2 years of grass-clover ley (overwintering three times; sown after barley harvest and ploughed down just before sowing of maize). Catch crops were cultivated before spring-sown crops in the majority of cases. Overwintering grass-clover mixtures were chosen in preference to other catch crops, such as phacelia, because of their ability to produce fodder. Mouldboard ploughing was the most common method of tillage. 1 Crop-specific scaling coefficients are indicated in Table III. or standard yields (Walther et al., 2001 ) (in decreasing order of preference). The latter was systematically the case with ley. The distribution for the source of the yield data is as follows (for all arable crops except ley): farmers' own records 24%; catchment average 29%; Canton Zurich average 15%; nationwide average 25%; standard yields 7%. Target crop N uptakes and N removed as main and by-product at harvest were calculated from the values of harvest yield, using standard plant N concentration data (Walther et al., 2001) and residue N/plant N ratios from the literature (e.g. Johnsson et al., 2002) . Other crop-specific input parameters governing crop N (and water) uptake, such as potential rooting depth and maturity dates for root and cover, were derived from expert knowledge and literature sources. When indications about N fertilisation in the farmers' control sheets were incomplete, they were complemented by data from Walther et al. (2001) . The mineral fertiliser equivalent of manures was calculated using standard compositions (total N, plant-available N, ammonium N; Walther et al., 2001) . For slurries, a standard dilution rate of 1:2 (one part slurry to two parts water) was assumed. The volatilisation subroutine of LEACHMN was not used. Instead, ammonia losses by volatilisation were calculated as a fraction of the applied amount of ammonium, using standard emission factors for the different types of organic and mineral fertilisers (Menzi et al., 1997) . The ammonia emission factors were kept constant across the different scenarios.
For temporary grassland (grass-clover leys and grassclover catch crops), we assumed intensive management conditions, i.e. five cuttings a year, scheduled every month from May to September, a standard N fertiliser application of 150 kg N ha −1 year −1 (fractionated into five equal portions, applied after the cuttings), and a standard N uptake of 330 kg N ha −1 year −1 , in accordance with statistical data (USP, 2004) . Symbiotically-fixed N was estimated at 140 kg N ha −1 year −1 (Boller et al., 2003) . The target net N uptake used in the simulations was defined as the difference between the total N uptake of the crop and the estimated fixed N and amounted to 190 kg N ha −1 year −1 . In the case of grassclover catch crops, the target net N uptake was derived from Lehmann et al. (1991) .
Scenario concepts
Four scenarios were established in order to investigate the effects of the N leaching reduction measures; namely, reduced N fertilisation and increased use of catch crops (CC), in the Fehraltorf catchment (Tab. IV). In the first scenario "N PEP/CC PEP", LEACHMN was applied to the observed pedo-climatic and management conditions under the "Proof of ecological performance" programme between 1998 and 2003. Catch crop use during winter was assumed to be equivalent to the maximum feasible area. This scenario was considered as the reference level for evaluating the effectiveness of the N leaching reduction measures. Scenarios (ii), (iii) and (iv) represent scenarios prior to "Proof of ecological performance" (pre-PEP) with different levels of PEP rule application. Mineral and organic N fertiliser application and catch crop use were the variables used in the scenario analysis (Tab. IV). All other factors (pedo-climatic conditions, land use, crop sequence and distribution, organic fertiliser composition, atmospheric deposition and ammonia emission rates from fertiliser application) remained constant, with the actual conditions between 1998 and 2003 serving as the basis of reference.
The application rates of mineral and organic fertilisers, and crop yields used in the pre-PEP scenarios were determined on the basis of statistical information, mainly the annual statistics published by USP (2004) and OFS (2004) . For each of the variables of interest, we calculated the ratios of the pre-PEP average to the contemporary average, either at the regional level (bordering municipalities, Canton Zurich) or at the national level, depending on the availability of statistical data. We used these ratios as scaling coefficients to derive, at the parcel level, the historical data from the data of "N PEP/CC PEP". This is expressed in the following equations:
where X is the variable of interest (livestock manure application; mineral N fertiliser application; crop yield) on the field scale in a given scenario; β is the scaling coefficient.
whereX is the average value of the variable of interest on the regional (neighbouring municipalities, canton) or national scale, for a given time period. The resulting crop-specific scaling factors are listed in Table III . Catch crop use in the different scenarios was estimated, in the absence of accurate information from farmers' records and other sources. In "N PEP/CC PEP", use of catch crops on the maximum feasible area was hypothesised under the assumption of a full and thorough implementation of soil coverage as an ecological measure. This assumption may not accurately reflect actual site-specific conditions; as a result, soil coverage in "N PEP/CC PEP" may be overestimated to some extent. The relative use factor for catch crops in the pre-PEP scenarios was chosen to span the whole range of possibilities, from 0% to 100% with respect to "N PEP/CC PEP". The pre-PEP situation was assumed to be best described by the relative use factor of 50% in "N unlimited/CC 50%". The relative use factor of 0% in "N unlimited/CC 0%" was purely hypothetical and had no other objective than to provide an estimate of the maximum reduction in mean N leaching achievable through the full implementation of soil coverage as an ecological measure.
RESULTS AND DISCUSSION
Crop yields and simulated nitrogen uptake values
National statistics indicate that crop yields of the pre-PEP period do not differ greatly from those of the contemporary period (USP 2004, Tab. III), in spite of the overall higher N fertiliser application rates used in the past. This can probably be explained by an adoption of more advanced technologies, including the use of new higher-yielding crop varieties, and a more efficient application of livestock manure as fertiliser. We also presume that there was excess fertilisation with nitrogen in the past, which has been reduced through the restrictions of the "Proof of ecological performance". There is no data or hard evidence, however, to test the validity of the two hypotheses.
The 9% increase in the average crop N uptake from "N PEP/CC PEP" to "N unlimited/CC PEP" is somewhat greater than expected, given the assumption of little change in the arable crop productivity between the pre-PEP and contemporary period. The rationale is that in the LEACHMN simulations some of the target N uptakes in "N PEP/CC PEP" were too high compared with the amount of mineral N available in the root zone, and thus were not fulfilled. By contrast, all the target N uptakes were reached in "N unlimited/CC PEP", thanks to the increased N fertiliser application rates.
Simulated percolation and N leaching values
The catchment-averaged simulated percolation was 720 mm per year and ranged between 531 mm (dry year of 2002/03) and 957 mm (wet year of 1998/99). Percolation remained relatively constant across scenarios.
Simulated N leaching values differed considerably among fields within scenarios (Fig. 2) . In the reference scenario "N PEP/CC PEP", the mean leaching at field level ranged from 10 to 160 kg N ha −1 year −1 . However, in 95% of cases, the mean leaching was between 15 and 70 kg N ha −1 year −1 . This rather moderate variation can be attributed to the fact that soil type and crop management were relatively homogenous throughout the catchment. The median value was around 30 kg N ha −1 year −1 , which is close to the long-term average of N leaching rates of arable crop rotations in the lysimeter experiment used for calibrating the model. This result also Table IV for scenario definitions. agrees with N leaching estimates made by applying an empirical model on the scale of a bordering watershed (Prasuhn et al., 2004) . The upper end of the distribution in Figure 2 corresponds to situations where N inputs via fertiliser application are high compared with N outputs via harvested products, either because of super-optimal fertilisation or crop failure. The ten or so outliers appearing for each of the scenario outcomes, with values from 69-157, 83-170, 96-186 and 112-218 kg N ha −1 year −1 for the four scenarios, respectively (not displayed in Fig. 2 ), corresponded to humus-rich, poorly drained gley soils, for which the application of the model may be questionable. Across the different scenarios, the average annual N leaching varied from a minimum of 39 kg N ha year −1 for "N unlimited/CC 0%" (Tab. V). Within a scenario, the inter-annual variability of N leaching was notable (variation coefficient of c. 30%). The difference between total N inputs and outputs per year was either close to zero ("N PEP/CC PEP") or slightly positive (the three pre-PEP scenarios), which indicates that the average N content of the root zone remained constant or increased slightly over time, mainly in the form of organic N bound in humus (Tab. VI).
Effectiveness of the policy measures to reduce nitrogen leaching
Nitrogen fertilisation
Comparing "N unlimited/CC PEP" with the reference scenario "N PEP/CC PEP" showed that the reduction in mineral N fertiliser and manure application yields a decrease in the mean N leaching of c. 10 kg N ha −1 year −1 (from 49 to 39 kg N ha −1 year −1 ; Tab. VI), which corresponds to 6 mg L −1 NO 3 in the percolating water. This reduction in nitrate leaching of 20% is of a similar order of magnitude to reductions observed in other studies which investigated the effect of N leaching mitigation measures. Regardless of the N source (manure or mineral N fertiliser), super-optimal N fertilisation can increase the potential for nitrate leaching (Bergström and Brink, 1986) . As a consequence, reducing the N fertilisation to optimal or slightly sub-optimal levels may decrease N leaching losses. Granlund et al. (2000) and Müller-Wohlfeil et al. (2002) found a maximum reduction of 14% and 8%, respectively, for study areas in Finland and Denmark, but the reduction in N fertiliser use in these areas was lower than in our study.
Catch crops
The quantitative comparison between "N unlimited/CC 50%" and "N unlimited/CC PEP" revealed that increasing the use of catch crops leads to a decrease in the mean N leaching of c. 5 kg N ha −1 year −1 (from 54 to 49 kg N ha −1 year −1 ;
Tab. VI), corresponding to 3.4 mg L −1 NO 3 . The comparison of the results for "N unlimited/CC 0%" with those for "N unlimited/CC PEP" indicated the maximum reduction in mean N leaching achievable through the use of catch crops, with N fertiliser application rates remaining the same: c. 10 kg N ha −1 year −1 (from 59 to 49 kg N ha
The establishment of catch crops in late summer after the harvest of preceding crops is an effective way of reducing nitrate leaching because they can take up significant amounts of N before the winter leaching period (Dabney et al., 2001) . Catch crops may reduce N leaching losses by 26 up to 70% depending on the type of catch crop and on its position in the crop rotation (Aronsson and Torstensson, 1998; Beaudoin et al., 2004; Askegaard et al., 2005; Tonitto et al., 2006) . In our study, the mean simulated reduction in N leaching on arable fields between "N unlimited/CC 50%" and "N unlimited/CC PEP" by doubling of catch cropping was 11%. This corresponds to a reduction of 22% on fields with catch crop cultivation, as the mean catch crop use was 50% of maximal potential catch cropping. The fact that the simulated effect of catch crops on nitrate leaching in our study is somewhat smaller than in the references cited above may have different reasons. First, the pre-PEP levels of nitrogen fertilisation were relatively moderate compared with N fertilisation intensities in more intensive arable production systems. Thus, residual contents of soil mineral N, which mainly determine the N leaching potential, are assumed to be comparatively low in our study area. Secondly, reported reductions in N leaching by catch crops are usually greater on sandy soils (Lewan, 1994; Beaudoin et al., 2005) , not present in our study catchment.
Combined effects of nitrogen fertilisation and catch crops
On the whole, the combined effect of the implemented policy measures in our study was estimated to amount to a reduction in the mean N leaching of c. 16 kg N ha −1 year −1 , corresponding to 29% or 9.4 mg L −1 NO 3 . Hoffmann and Johnsson (2004) predicted for agricultural land in southern Sweden a decrease in leaching of 16% after introducing catch crops, reducing N fertilisation by c. 10%, and application of animal manure only in spring. Børgensen et al. (2001) calculated for Denmark a reduction in nitrate leaching of 35% between 1985 and 1994. Policy measures implemented in this period involved a higher percentage of winter crops and crops harvested in late autumn, the limitation of the manure application period to spring only, and a reassessment of the guidelines for the N fertilisation potential of slurry (assuming higher mineral fertiliser equivalents).
Plausibility of model predictions
Ideally, modelling data is validated against measured values. This is problematic, however, at the catchment level. Because of the lack of information concerning residence time, flow patterns and potential for denitrification of the Fehraltorf groundwater, and, on the other hand, the inputs of N to the groundwater other than from arable land (permanent grassland, forest and point sources of pollutants such as sewage leaks), we cannot directly corroborate our simulations against the reported decrease in groundwater nitrate concentration in the catchment (Fig. 3) . However, the observed trend in groundwater N concentration agrees qualitatively with the reduction in N leaching predicted in the simulations.
At the beginning of the 1990s, the Fehraltorf catchment was considered a problematic area, with groundwater nitrate concentration in two municipal drinking water wells lying between 25 and 35 mg L −1 . Since the introduction of direct payments bound to ecological measures in 1993, nitrate concentration in the groundwater has dropped to around 15-20 mg L −1 (Fig. 3) . The period around 1993 also saw the start of a major overhaul of the sewer and storm drain system in the municipalities bordering on the catchment (Krejci et al., 1994) , which -in addition to agricultural policy measuresmay also have contributed to the improvement in groundwater quality. Since 2004, nitrate contents have been rising, presumably due to adverse climatic conditions (e.g. nitrate accumulation during the dry summer of 2003) and decreasing cover cropping as a result of lowering the requirements of the "Proof of ecological performance" in 2004.
Because the model cannot be properly validated on the catchment scale, it is important to address the different possible sources of uncertainty in the model predictions.
• Inaccuracies in the determination of soil hydrological parameters that significantly affect the soil water regime may originate either from non-representative mean textural compositions derived from the Canton Zurich soil survey database or by errors introduced by use of the pedotransfer functions.
• Crop N uptake, which constitutes the main N flux in the system, was determined from crop yields and standard crop N concentrations. This simple approach ignores the variability in crop N concentrations. Moreover, to handle the problem of missing yield data, catchment, region or nationwide average yields, if not standard yields were used. On the whole, less than 15% of the yield values used in the simulations correspond to field-specific values from the farmers' records. To what extent the substitute data values are representative is unknown.
• The large natural variability in the composition of livestock manure, especially slurry, was not taken into account in the simulations. Instead, standard values for N content and dilution of slurry with water were used. As livestock manure is a substantial source of N in the catchment, this introduces a considerable source of uncertainty in the model predictions.
As we do not know the uncertainty in agricultural management data, which is probably the main source of uncertainty of the simulated N leaching rates, the model's predictive uncertainty is unknown. Our main interest, however, lies in the relative differences between scenario predictions and a possible systematic bias, therefore, is less relevant. Therefore, even if differences between scenarios are significantly smaller than the uncertainty in the scenario predictions themselves, scenario studies still provide useful and relevant information (Reichert and Borsuk, 2005) . They may at least reveal that the studied policy measures led to changes in the desired direction.
CONCLUSION
Agri-environmental measures can be regarded as "real world experiences" which are initiated by policy-makers and carried out by farmers. In scientific experiments, a maximum of factors is controlled but this is not the case in agrienvironmental measures. Many factors such as weather conditions, technical progress and market developments, which determine the choice of crops, the intensity of crop production and the type and intensity of animal husbandry, also affect the parameters to be measured -N leaching in this case. The application of LEACHMN in four policy scenarios allowed the study of the effect of balanced farm N budgets and of catch crop planting independently from the other factors acting on N leaching. We were able to demonstrate that the implementation of reduced N fertiliser inputs and increased use of catch crops led to a substantial mean reduction in N leaching of 29% (16 kg ha −1 year −1 ) for arable land in the Fehraltorf catchment. Our results, indicating the efficacy of these agri-environmental measures, were communicated to the political authorities and were used in the formulation of the new policy project for the period 2008-11.
Our findings cannot be validated by field measurements, which are impossible to carry out on the catchment scale. The availability of farm management data was a major "bottleneck" for this modelling exercise and ways should be found (by extension and control agencies) to improve this information. This would strongly reduce the results' uncertainty. Taking into account the main sources of errors and uncertainty (e.g. quality of farm management data and accuracy of soil parameters), the reliability of the findings should be assessed in a next step. This will allow the policy-makers to be better informed about the potential of improved abatement strategies that are based upon a combination of different countermeasures.
